The majority of animal viruses depend on receptor-mediated endocytosis for productive entry into their host cells. Based mainly on electron microscopy (EM), it has been shown that many of these viruses make use of clathrin-mediated endocytosis (CME) followed by penetration into the cytosol from endocytic vacuoles. However, it is also becoming increasingly clear that viruses can use a variety of clathrin-independent endocytic pathways, sometimes in parallel with CME (13, 71, 82) . Some of these pathways result in delivery to acidic endocytic vacuoles (reviewed in reference 45), while others transport the virus to the endoplasmic reticulum (30, 43) . Rather than using constitutive endocytic mechanisms, some viruses are able to activate cellular signaling pathways and thus trigger their own internalization (13, 20, 63, 71) .
In this study, we have focused on the entry of Vesicular stomatitis virus (VSV), a well-characterized, acid-activated, enveloped RNA virus that belongs to the family of Rhabdoviridae. It infects insects and mammals, but it is best known for causing epidemics in livestock (70) . Due to its ease of handling, high titers, and broad cell tropism, the virus and its membrane glycoprotein G (VSVG), are often used as models to study endocytosis (14, 35, 36, 82) and secretory traffic (18, 27, 49) . For the same reasons, VSVG is often used for pseudotyping of retroviral vectors for gene delivery (3, 28, 96) . In addition, recombinant forms of the virus have been shown to be effective in animal models to target cancer cells and as vaccine vectors to stimulate immunity against diseases, such as AIDS and influenza (reviewed in reference 37).
The evidence that VSV is internalized by clathrin-coated pits (CCPs) and clathrin-coated vesicles (CCVs) is based on thinsection EM, on the Eps15 dependence of infection, and on a partial inhibition of infection after small interfering RNA (siRNA) silencing of the clathrin heavy chain (40, 41, 62, 88) . The virus is delivered to endosomes in a Rab5-dependent manner (80) . The pH threshold for the conformational change of the G-protein that triggers fusion of the viral envelope with endosomal membranes is pH 6.2 (5, 94) . While it has been long assumed that the viral envelope fuses with the limiting membranes of endosomes, Le Blanc et al. have recently proposed that fusion takes place between the viral envelope and internal vesicles present in multivesicular bodies and late endosomes (35) . Release of the nucleocapsid into the cytosol would, in this case, occur later through back-fusion of the internal vesicles with the limiting membrane of the multivesicular body, a reaction that involves cellular fusion proteins. A recent siRNA screen of the human kinome (the full complement of human protein kinase) in HeLa cells has shown that the productive entry process involves a large cohort of kinases from different families (62) . Many of the kinases that inhibited VSV infection also inhibit the internalization of transferrin (Tfn), an endogenous CME substrate. The cell surface receptors for VSV have not been identified, but it is generally thought that binding via the G-protein is rather unspecific and involves negative charges on the plasma membrane (4, (6) (7) (8) .
In the current study, we examined the entry of VSV into tissue culture cells using a variety of perturbation techniques, live-cell microscopy of single particles, and EM. Our results confirmed a central role for CME and showed that the virus could enter preformed CCPs, although the majority of the particles induced the formation of new clathrin coats. After dynamin-dependent endocytosis, internalization and penetration occurred within a few minutes.
MATERIALS AND METHODS

Cells and viruses.
Human cervix carcinoma HeLa ATCC cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 1% glutamine (Gibco Life Technologies). Baby Infection and internalization analysis. For infection assays, rVSV at an MOI of 1 was added to HeLa cells. Virus stocks were diluted in RPMI medium (supplemented with 30 mM HEPES [pH 6 .8] and 1% BSA) (Gibco Life Technologies). Before virus was added, the cells were washed once with RPMI medium. Infection was performed on a rocker at 37°C for 1 h before the inoculum was replaced by MEM supplemented with 10% FCS and 1% Glutamax for an additional 3 h. For analysis of Tfn uptake, samples were pulsed with 20 g/ml labeled (AF594 or AF647) Tfn (Invitrogen) for 15 min and chased for 10 min. Subsequently, the samples were washed with phosphate-buffered saline (PBS) and stripped of any bound, uninternalized Tfn by acid wash (0.1 M glycine, 0.1 M NaCl [pH 3.0]). Samples were fixed with 4% formaldehyde in PBS for 20 min at room temperature. Infection was either quantified by a FACSCalibur flow cytometer using CellQuest 3.1 software (Becton Dickinson Immunocytometry Systems) or scored by eye by using a confocal microscope. Detection of infection with rVSV was based on GFP expression. For fluorescence-activated cell sorting (FACS) analysis, at least 10,000 cells were analyzed for each sample. At least two independent experiments, repeated three times for each sample, were performed. Samples subjected to microscopic analysis were permeabilized (1% [wt/vol] BSA, 0.05% [wt/vol] saponin in PBS) and stained with primary antibodies mouse anti-adaptin-␣ (AP-2-␣) antibody (1:100) (BD Biosciences) or mouse anti-adaptin-(AP-2-) antibody (1:100) (BD Biosciences) followed by secondary antibodies (AF488-, AF647-, or AF594-labeled goat anti-mouse immunoglobulin G (Invitrogen) for 45 min at room temperature or at 4°C overnight. Samples were mounted using ImmuMount (Thermo Shandon). Microscopy was performed using a Zeiss 510Meta laser-scanning microscope (Carl Zeiss AG) with a 63ϫ oil immersion objective with a numerical aperture of 1.4. Images were acquired using LSM 510 software package (Carl Zeiss MicroImaging, Inc.) and processed using Image J (National Institutes of Health) and Adobe Illustrator (Adobe Systems).
Endocytosis. Endocytosis was assayed as previously described (41) . Briefly, ϳ50,000 cpm of [
35 S]methionine-labeled virus was diluted in RPMI medium and added to HeLa cells plated on 35-mm dishes at an MOI of less than 1 PFU/cell. Virus binding was performed at 4°C for 1 h before the temperature was shifted rapidly to 37°C for internalization. After different incubation times, the cells were again placed on ice and treated with 1 mg/ml proteinase K (Roche) at 4°C, a protease that cleaves VSVG and efficiently removes surface-bound, uninternalized virus (41) . As a background control, the proteinase K treatment was performed without shifting the cells to 37°C. The protease-treated cells were pelleted, washed in PBS containing 0.2% BSA, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail (Sigma), and resuspended in 0.3 ml medium and 2 ml Ready Safe scintillation cocktail (Beckman Coulter). Radioactivity was measured using a multipurpose scintillation counter (LS 650; Beckman Coulter), counting the radioactivity in each sample for 5 min per sample. VSVG degradation. VSVG degradation was assayed by immunoblotting. VSV was diluted in RPMI medium supplemented with 1% BSA and 1 mM cycloheximide and buffered to pH 6.6 using HEPES, and VSV was allowed to bind to confluent HeLa cells at 4°C for 1 h. Unbound virus was removed by exchanging the medium, and the temperature was shifted to 37°C for internalization. At the time of analysis, samples were shifted again to 4°C and treated with 1 mg/ml proteinase K (Roche) as described above. After the cells were washed, the y were pelleted and resuspended in SDS-Laemmli sample buffer prior to SDS-PAGE and Western blotting. VSVG was detected using the rabbit polyclonal antibody 8685, raised against purified G-protein, in our lab.
EM. For thin-section electron microscopy, VSV diluted in RPMI medium (supplemented with 30 mM HEPES [pH 6.6] and 1% BSA) was either bound to BHK-21 cells plated on 12-mm coverslips on ice for 1 h and subsequently fixed or, alternatively, shifted to 37°C for 10 min before fixation. In the presence of 20 mM NH 4 Cl, cells were infected at 37°C for 1 h. Cells were fixed with 2.5% glutaraldehyde (supplemented with 0.05 M sodium cacodylate [pH 7.2], 50 mM KCl, 1.25 mM MgCl 2 , and 1.25 mM CaCl 2 ) for 30 min at room temperature followed by 1.5 h in 2% OsO 4 . Dehydration, embedding, and thin sectioning were performed as previously described (30) .
Live-cell microscopy analysis. HeLa cells for live-cell microscopy were transfected with CLC-mRFP or CLC-EGFP or dynamin-2-wt-EGFP using AMAXA according to the manufacturer's protocol 12 h prior to the start of the experiment. Cells transfected with AP-2␣-wt-EGFP were allowed to express the construct for 24 to 48 h before the start of the experiment. The prolonged expression time is required for efficient incorporation of the GFP-labeled ␣ subunit into the endogenous adaptor protein complex (16 (20, 80 , or 120 M) (ASINEX), brefeldin A (1 M) (Sigma-Aldrich), nocodazole (1 M) (Sigma-Aldrich), or wortmannin (0.1, 1, or 10 M) (Sigma-Aldrich). Due to the high cell toxicity of chlorpromazine (SigmaAldrich), cells were preincubated with 17, 70, 140, or 280 M of the drug for 10 min before the virus was added, and the drug-containing inoculum was left on the cells for 30 min before replacement with complete medium. Preincubation with progesterone (80 M) (Sigma-Aldrich) and nystatin (11 M) (Sigma-Aldrich) was performed overnight in the absence of serum, and the virus was not incubated with the drugs. Otherwise, drugs were present throughout the experiment, and the treatment did not result in loss of cell viability.
RESULTS
Kinetics of internalization and acid activation.
To analyze the kinetics of VSV uptake in HeLa cells, we monitored the internalization of [ 35 S]methionine-labeled virus. To synchronize entry, the labeled virus was first allowed to bind to confluent cell monolayers at 4°C for 1 h at an MOI of Ͻ1. After the cells were washed to remove unbound virus, 2 to 10% of the added virus remained cell associated. The temperature was rapidly raised to 37°C, and dishes were placed on ice after different periods of time for up to 45 min. Cell-associated radioactivity was measured after treatment with proteinase K at 4°C to remove remaining surface-bound VSV (41) . Control samples with virus bound to the surface without shifting the cells to 37°C showed that the proteinase K treatment removed 92% Ϯ 7% of surface-bound virus.
In samples incubated at 37°C, up to 30% of cell-associated radioactivity became resistant to proteinase K treatment. As shown in Fig. 1A , internalization of VSV was surprisingly rapid; the full cohort of viruses that was internalized was already proteinase K resistant 5 min after warming, and half of it was resistant within 2.5 to 3 min. The internalization of VSV thus occurred rapidly and synchronously. Why only one-third of the virus was internalized is not clear, but the inefficient internalization was consistent with previous observations in MDCK and BHK-21 cells (41, 50) .
To determine the time course of the acid-induced activation of membrane fusion following internalization, we developed a FACS-based infection assay using a recombinant virus, rVSV. rVSV is identical to wild-type virus in regard to infection but was modified so that it expresses GFP in the infected cell (29, 32, 62, 77) . To define the time of acid exposure, we took advantage of the fact that lipophilic weak bases, such as ammonium chloride (NH 4 Cl), inhibit endosomal acidification and thus prevent the pH-induced activation of the VSVG (41) . The elevation of endosomal pH is almost instantaneous upon addition of the base to the extracellular medium (54) . The virus is internalized normally in the presence of 20 mM NH 4 Cl, but if the medium pH is carefully buffered to 7.2 or higher, penetration and infection are efficiently blocked (31) ( Table 1) . As before, virus was bound to cells at 4°C for 1 h. Unbound virus was removed, and samples were rapidly shifted to 37°C. NH 4 Cl was added at different times, and the infection index was determined 4 h later using FACS analysis after fixation. The percentage of cells infected in uninhibited controls ranged between 20 and 70 depending on the experiment. It is important to note that by using an MOI of less than 1, we could score the average time of acid conversion; if more than one virus was added, the kinetics of the fastest viruses were scored.
The results showed that all viruses passed the acid-requiring step within 8 to 10 min after warming with few additional viruses being activated at later time points (Fig. 1B , NH 4 Cl add-in). Half of the viruses had passed the acid-requiring step at 2 to 3 min after warming or almost immediately after internalization. Given the rapidity of the process, the critical acid-induced event most likely occurred in early endosomes (24, 46, 73, 76) .
To determine whether later organelles in the endocytic pathway also could support productive penetration, we allowed the virus to enter for different periods in the presence of NH 4 Cl. The NH 4 Cl-containing medium was then exchanged with inhibitor-free medium for 2 min, followed by readdition of NH 4 Cl. Infection was assayed 4 h postwarming. This protocol took advantage of the almost instantaneous drop in endosomal pH after NH 4 Cl wash out and the rapid pH increase after readdition (54) .
The results confirmed that viruses reached a compartment capable of supporting productive entry as early as 2 min after warming (Fig. 1B , NH 4 Cl wash out). Peak values of infection were observed 6 to 10 min after warming and infectivity dropped to half within 30 min. At 90 min after warming, infection was no longer detected. This confirmed that the acidactivated step in VSV penetration occurred at highest efficiency in early endocytic compartments and demonstrated that movement into late endosomes or lysosomes reduced and eventually prevented productive penetration.
A role for early endosomes in VSV entry was consistent with the sensitivity of infection to various drugs and perturbations.
For example, nocodazole, a microtubule-depolymerizing drug that inhibits trafficking from early to late endosomes (1, 42) , caused only a small reduction (15%) in VSV infectivity (Table  1) . In addition, a dominant-negative form of the early endosomal small GTPase Rab5 and its siRNA-mediated knockdown inhibited VSV infection, whereas equivalent perturbations of the late endosomal Rab7 function did not have a comparable effect (80) (H. Johannsdottir, T. Heger, and A. Helenius, unpublished data). The irreversible phosphatidylinositol-3-phosphate kinase inhibitor wortmannin caused a moderate, dose-dependent reduction of infection (Table 1 ). This kinase is essential for the generation of phosphatidylinositol-3-phosphate, a phospholipid with important regulatory functions in early endosomes (68, 84, 86, 87) . The importance of early endosomal compartments for VSV infection could also explain the effect of brefeldin A (Table 1) , which caused up to 40% drop in viral infection. Brefeldin A, a fungal metabolite, inhibits nucleotide exchange of several ADP-ribosylation factors and blocks the functions of coatomer (COPI) at early endosomes as well as in the secretory pathway (55) (56) (57) (58) 64) . Impaired COPI function also leads to inhibition of Semliki Forest virus (SFV) infection as well as impaired Tfn recycling and lysosomal targeting of epidermal growth factor (EGF) receptor (14, 95) .
Next, we determined the time course of virus arrival in degradative compartments by measuring the degradation of G-protein. Purified wild-type VSV was bound to cells for 1 h at 4°C. After the cells were washed and shifted to 37°C for different times, viruses that had failed to enter cells were removed by proteinase K treatment in the cold. Cell lysates were analyzed by SDS-PAGE and immunoblotting using antibodies against the G-protein. As shown in Fig. 1B (triangles) and quantified in Fig. 1C , about one-third of cell-associated VSVG was internalized, and its degradation started between 30 and 60 min after warming and was complete by 120 min.
Taken together, the kinetic data and the results of perturbation analysis were consistent with a model in which the incoming VSV passes rapidly from the cell surface to early endosomes where the low pH induces a conformational change in VSVG and a membrane fusion reaction. The viral G-protein continues to late endosomes and lysosomes where it is degraded. Late endosomes and lysosomes do not support productive penetration of viruses. Only a third of cell-associated viruses enter, but the process of entry is remarkably rapid.
VSV in CCPs and endosomes. We also analyzed VSV entry into HeLa and BHK-21 cells using EM. The BHK-21 cells were preferred in these studies because virus binding to HeLa cells was inefficient; only a small number of cell-associated particles were seen. BHK-21 cells not only bound more viruses but were about 100 times more sensitive to VSV infection with respect to the number of particles needed. The kinetics of VSV entry were, however, similar in both cell types.
After viral particles were allowed to bind to cells at 4°C for 1 h and the samples were fixed and embedded, surface-bound VSV particles were often seen associated with microvilli ( Fig.  2F and G) or located at the base of microvilli ( Fig. 2A and E ). Many were localized in surface invaginations. Of these, approximately 60% were in coated pits ( Fig. 2A, B , C, and D), with the rest in indentations of similar size and shape but devoid of a visible electron-dense coat (Fig. 2E, F, and G) . The a The concentration of progesterone is shown before the slash, and the concentration of nystatin is shown after the slash.
VOL. 83, 2009 HOST CELL ENTRY OF VESICULAR STOMATITIS VIRUS 443 orientation of virus particles in respect to the plasma membrane varied; some were parallel to the membrane, while others were perpendicular to it. Depending on degree of pit invagination and the number and orientation of associated VSV particles, the size of the CCPs ranged from 200 to 500 nm. If the CCPs seen were to pinch off as CCVs, one can estimate that their diameter would correspond to 100 to 250 nm. This exceeds the diameter of an average CCV, which is around 100 nm (15, 25) . The visualization of internalized virus particles was more problematic due to the rapid penetration that made the viruses invisible in thin sections. To maximize the number of internalized viruses that had not penetrated, we allowed viruses at an MOI of 5,000 to bind at 4°C for 1 h. The temperature was then raised slowly by placing the cells for 10 min in a 37°C incubator without removing unbound virus. When this protocol was used, intracellular viruses were visible in coated vesicles (Fig. 3B , open arrowhead), in partially coated vesicles (Fig. 3C) , and in small membrane-bounded structures with irregular shapes, devoid of a visible coat or internal vesicles ( Fig. 3A and B, closed arrowhead). The latter had diameters of 200 to 280 nm, which suggests that they were either newly formed endocytic vesicles or early endosomes. We did not see viruses in the process of fusing with the limiting membranes of endocytic vacuoles. Since no internal vesicles were present in these early compartments, fusion with them could be excluded. Only when NH 4 Cl was added to prevent acidification could we observe accumulation of VSV in classical endosomal vacuoles with diameters of 450 to 600 nm. These often contained several viruses as well as intravacuolar vesicles ( Fig. 3D and E) . The accumulation of multiple viral particles within endosomes during fusion block may be partly due to the high MOI used for these experiments and would not be so prominent using an MOI of 1 or lower.
The EM results were consistent with previous studies in MDCK, BHK-21, and L cells (11, 12, 41) . They were also consistent with the effects of siRNA silencing of clathrin heavy chains (40, 62, 88) , which have shown at least a partial role for clathrin-mediated endocytosis in VSV entry. We found that the CME inhibitor chlorpromazine greatly reduced VSVG expression in a dose-dependent manner (Table 1) . In contrast, treatment with progesterone and nystatin, which inhibit synthesis and sequester cholesterol from the plasma membrane but have only minor effects on CME (2, 78, 81), reduced infection only about 30% (Table 1) . We interpret these results as showing that VSV enters and infects HeLa cells primarily by CME, although the possibility of some viruses entering via parallel, non-clathrin-mediated pathways cannot be excluded. Dynamin-2 is necessary for VSV infection, while AP-2 is dispensable. Dynamin-2 is a key factor in several endocytic pathways, including the CME and caveolar/lipid raft-mediated uptake pathways (10, 33, 45, 91) . In contrast, it is dispensable for macropinocytosis of vaccinia virus (VV) (47) , for the socalled the GPI-anchored protein-enriched endosomal compartment (GEEC pathway) (72) , and for a non-clathrin/noncaveolar pathway recently described for the entry of lymphocytic choriomeningitis virus (LCMV) (66) . Therefore, the effect of dynamin-2 inhibition serves as a rather reliable initial criterion for classifying endocytic pathways.
To test whether dynamin is involved in VSV infection, we applied dynasore, a specific inhibitor of the GTPase activity of dynamin that blocks, e.g., endocytosis of Tfn (38) . As a positive control, we used VV, which we have shown to exploit a dynamin-2-independent macropinocytic pathway (47). We preincubated HeLa cells with dynasore for 15 min and subsequently added rVSV or VV to the cells for 4 h before fixation and scoring of infection by FACS. No cell toxicity was observed. The inhibitor caused almost a 10-fold, dose-dependent drop in VSV infectivity, indicating that the majority of the viral particles depend on dynamin-2 for infectious entry (Fig. 4 and Table 1 ). As expected, VV infection was not affected (Fig. 4) . We conclude that VSV infection of HeLa cells is dynamin-2 dependent.
Clathrin-based endocytic pathways involve a variety of adaptor proteins. AP-2, originally thought to be essential for all types of clathrin-mediated endocytosis, is important for the internalization of Tfn but not for the endocytosis of EGF receptor or low-density lipoprotein (LDL) receptor (9, 53) . We analyzed the possible involvement of AP-2 in VSV infection by siRNA-mediated knockdown of AP-2 in HeLa cells using previously published oligonucleotides (here called AP2-1 and AP2-2) against the ␣ subunit of the multimeric adaptor protein complex (26, 53) and a so-called proven performance oligonucleotide against the subunit (here called AP2-3). To acquire maximal knockdown, a double-transfection protocol was deployed with a 48-h interval between the two transfections.
Western blot analysis using actin as a loading control and a monoclonal antibody against the ␣ subunit showed that expression was reduced to 11% with AP2-1, to 8% with AP2-2, and to 30% with AP2-3 ( Fig. 5A (top panel) compared to levels of the AP-2␣ subunit in samples transfected with AllStars negative-control siRNA. Western blot analysis of AP-2 levels showed that in cells treated with AP2-1 siRNA directed against the ␣ subunit, the level of subunit expression was 84% of that detected in control cells, while for the other two oligonucleotides, AP2-2 (against ␣ subunit) and AP2-3 (against subunit), the AP-2 level was only 10% of what was seen for the control cells (Fig. 5A, bottom panel) . This result was in accordance with previously published observations that knockdown of one subunit of AP-2 results in downregulation of other subunits of the complex (53) .
The cells were then infected with rVSV at an MOI of 0.5 for 4 h. For the fluorescence analysis, AF594-labeled Tfn was added to the cells for 15 min. Subsequently, the samples were incubated for an additional 10 min without Tfn in the medium before the noninternalized Tfn was removed by an acid wash. When infection was assayed by FACS analysis, cells with AP-2␣ or AP-2 knockdown showed a slight increase in VSV infection for all three siRNAs (Fig. 5B) . Fluorescence microscopy showed that cells that were incapable of internalizing Tfn were infected with VSV (Fig. 5C, open arrowheads) . Therefore, AP-2 was clearly not essential for VSV infection.
Dynamics of VSV interaction with clathrin. To monitor the interaction of cell surface-associated VSV with clathrin using live video microscopy, we labeled purified wild-type VSV with fluorescent dyes (AF488, AF594, or AF647). The cells used were either HeLa cells transiently transfected with mRFP-or EGFP-tagged clathrin light chain alpha (CLC-mRFP or CLC-EGFP), or Vero cells stably expressing CLC-EGFP. In initial experiments, we suspended the labeled virus in medium optimized for binding and internalization and added virus to cells on a coverslip in a live-cell imaging ring. Time-lapse videos were recorded at 37°C using TIRFM to visualize only those viral particles that interacted with the plasma membrane facing the coverslip.
When the fluorescent virus was added, only a few of the particles were seen to enter the space between the cell and coverslip. The video recordings showed that some of the particles bound to the cell and moved along the plasma membrane laterally until trapped in fixed, preexisting clusters of clathrinmRFP (Fig. 6A, B, and C) . We also observed cases in which clathrin gradually accumulated underneath immobile surfacebound viruses (see below).
However, the low number of viruses entering the space under the cells limited the usefulness of this approach. Most likely, the problem was due to the relatively large size of VSV particles and the close proximity of the plasma membrane to the coverslip. To circumvent the problem, we coated coverslips with ECM by growing cells to confluence and then removing them using EDTA. Fluorescent viruses were then bound to the ECM-coated coverslips. When cells expressing fluorescently labeled CLC (CLC-mRFP or CLC-EGFP) were added, they rapidly spread out on the coverslip due to the ECM coat and covered the virus particles. This allowed us to use TIRFM to efficiently record the interaction between the virus and CLC-XFP at the plasma membrane facing the coverslip. A large number of viruses and their interaction with clathrin could be analyzed. However, the disadvantage was that the majority of Results are presented as percentages of AP-2 levels in cells treated with AP2-1, -2, or -3 siRNAs normalized to AP-2 levels in control cells treated with AllStars negative-control siRNA and the level of actin, which was used as a loading control. (B) Cells treated with AP2-1 to AP2-3 were infected with rVSV, the infection was scored by FACS, and the resulting values were normalized to the infection levels of cells treated with AllStars negative-control siRNA. Error bars represent standard deviations from three experiments. (C) Cells treated with AP2-1, -2, and -3 siRNAs or AllStars negative-control siRNA were infected with rVSV for 4 h. AF594-labeled Tfn was added to the samples for 15 min, 25 min prior to fixation. AP-2␣ and AP-2 levels were detected using a mouse anti-AP-2␣ and AP-2 antibody, respectively, and an AF647-labeled secondary antibody. Infection was detected by GFP expression upon rVSV replication. Bars, 10 m. and 17 (31%) were associated with clathrin but lost their colocalization either because they moved out of the clathrin-containing region or the clathrin coat dissociated. In some cases, clathrin appeared under the virus and disappeared in cycles of coat assembly and disassembly. Although the majority of observed VSV particles remained fixed in place, a minority (six in total) became mobile and disappeared from the TIRF field together with the CLC-XFP, suggesting that they were internalized in clathrincoated vesicles. Whether the viruses that failed to colocalize with clathrin were associated with alternative structures could not be determined; some of them may simply have failed to contact the plasma membrane.
In Fig. 7 , examples of these phenomena in the form of selected digital images (A), kymographs (B), and intensity graphs in time series (C) are shown. In Fig. 7A , an AF647-labeled virus (pseudocolored red) is stationary at an initial location and accumulates CLC-EGFP on the cytoplasmic leaflet of the plasma membrane (location 1, both virus and clathrin are indicated by a white arrowhead). The virus then moves away from the CCP but within the plane of the plasma membrane, is confined again, and induces a second wave of CLC-EGFP assembly (location 2, both virus and clathrin are indicated by a black arrowhead). The same events are shown by kymographs in Fig. 7B . White arrowheads indicate the appearance and disappearance of both virus and clathrin at location 1, and black arrowheads indicate the appearance and disappearance of virus and clathrin at location 2 ( Fig. 7A and B) . Between confinement at locations 1 and 2, the virus is moving in the plane of the plasma membrane without any visible clathrin association (indicated by a horizontal bar in the VSV-AF647 kymograph). When mobile, the virus was always devoid of clathrin association.
The mean recruitment time of CLC at a forming CCP, from its initial appearance until the fluorescence intensity had reached a stable plateau, was 112 s Ϯ 45 s in the presence of a virus particle. In contrast, without any associated virus, the mean rate of CCP formation (Fig. 7A, gray arrowhead) was only 53 s Ϯ 17 s (example in Fig. 7A and B [bottom panels] and intensity graph in Fig. 7C [grey triangles] ), a rate consistent with previously published data for dynamic CCPs (17) as well as for recruitment of clathrin to small cargo, such as LDL and Tfn (15) . The longer recruitment time may relate to a larger size of the CCP and a higher number of clathrin triskelions required as previously suggested for other large cargo (15). 
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Alternatively, the prolonged association with clathrin could reflect the fact that the virus is immobilized and the CCP cannot pinch off. Dynamics of VSV association with dynamin-2 and AP-2. When HeLa cells expressing dynamin-2-EGFP were plated on top of immobilized, AF594-labeled virus, the majority (80%) of viral particles (n ϭ 59) associated with dynamin-2, and of those, 36% were seen to recruit the GTPase during the recordings. Again, viruses were sometimes seen to induce more than one cycle of association (Fig. 8A, B, and C) . The time series in Fig. 8A shows a confined AF594-labeled VSV (VSV-AF594) particle (white arrowhead) recruiting dynamin-2 to the plasma membrane (black arrowhead at 68 seconds). Dynamin-2 dissociates from the plasma membrane (black arrowhead at 114 s) but is recruited a second time (black arrowheads at 162 to 199 s). The average recruitment time of the GTPase was 55 s Ϯ 17 s (n ϭ 15), hence shorter than the recruitment time of CLC. This was expected considering the temporary role of dynamin-2 (at a rather late step) in vesicle formation. The average recruitment time of randomly selected dynamin-2 spots at the plasma membrane not associated with VSV was 25 s Ϯ 9 s (n ϭ 10), i.e., about half as long as in the presence of the virus (Fig. 8A , gray arrowhead; 8B, bottom panels; and 8C, intensity graph). Again, the difference could be due to the immobilized state of the viral particles on the coverslip or simply due to the large size of vesicles forming around the virus. Unfortunately, we were limited to two fluorophores, which prevented us from monitoring VSV, clathrin, and dynamin-2 at the same time.
We also visualized the association of AP-2␣-EGFP with VSV using TIRFM. Although AP-2 has no functional role in infection (see above), we could see it associate with 38% of cell-associated, immobilized viruses (n ϭ 344). Most of these viruses were associated with the adaptor protein complex already from the start of the recordings with only 12% of them recruiting AP-2. In these cases, recruitment occurred within 136 s Ϯ 66 s, which was longer than for VSV-induced recruitment of both CLC and dynamin-2. In many cases, AP-2 recruitment (Fig. 9A , open arrowheads) to a confined virus particle (Fig. 9A, closed arrowheads) was characterized by a gradual increase in intensity over a long period of time (Fig. 9A, B , and C). Since AP-2 is not needed for infection, the observed association with the VSV may reflect trapping of AP-2 in nonproductive clathrin-coated structures. Given the rapid internalization of VSV (Fig. 1A VOL. 83, 2009 HOST CELL ENTRY OF VESICULAR STOMATITIS VIRUS 449 and B), the association with AP-2 was too slow to be involved in endocytosis.
DISCUSSION
In this study, we have reinvestigated the initial interactions of VSV with host cells (mainly HeLa cells) and characterized entry in regard to kinetics and cellular factors required. We found that VSV was endocytosed rapidly but relatively inefficiently and that the acid-induced activation occurred almost immediately after internalization. The majority of viral particles relied on CME for endocytosis and infection. The process was dependent of dynamin-2, which was recruited to the CCPs. Although the classical adaptor protein complex AP-2 associated with some of the membrane-bound VSV particles, it was functionally dispensable. The virus had two ways of associating with CCPs; it could move laterally along the membrane and become trapped in preformed clathrin-coated membrane domains, or it could remain immobile and induce the association of clathrin at its location of confinement. That clathrin recruitment phase lasted longer than previously reported for small cargo, such as Tfn or LDL, was probably due to the larger size of the coated pit required to engulf the particle. Dynamin-2 and in some cases AP-2 were also recruited to immobile virus particles. Although the majority of the virus entered via CCPs, we could not exclude the possibility that virus particles could use alternative pathways with low efficiency.
VSV binding to the cell surface was quite inefficient and sensitive to external factors, such as pH and cell type (41, 50) . Internalization was also relatively inefficient, with only onethird of surface-bound virus particles entering the cell. However, the endocytic event occurred rapidly, with the majority of the entering viral particles internalized within 6 to 7 min, and with a half time of 2.5 to 3 min. Hence, VSV internalization was a faster process than that observed for other viruses, such as SFV, influenza A virus, and LCMV entry (23, 39, 66) . The kinetics resembled that of Tfn uptake, which has a half time of 2.5 min (65, 92) .
The acid activation occurred immediately after internalization, with the first viral particles already passing the NH 4 Cl- sensitive step 2 min after warming. That the viruses actually fused with the limiting membranes of endocytic vacuoles was supported by EM observations; recognizable virus particles were rarely found in endosomal compartments unless the pH was elevated using NH 4 Cl. Fusion and penetration had most likely already taken place, and the bullet-shaped capsids disassembled. When particles were seen, they were mainly in coated, partially coated, or small, relatively tight fitting, smooth vesicles without internal membranes. Only upon internalization in the presence of NH 4 Cl were we able to see accumulation in endocytic compartments due to impaired viral fusion and penetration into the cytosol. The most efficient time point for acid activation was around 3 min after warming, which was sooner than previously seen, e.g., for SFV and LCMV (22, 66, 93) , but consistent with VSV fusion in human embryonic kidney (HEK) 293FT cells (74) as well as with VSV-induced fusion of liposomes in vitro (5) . If the time window between internalization and acid activation was artificially extended beyond 10 min by adding NH 4 Cl during entry, the fraction of viruses able to infect cells was reduced, and if acid activation was delayed for more than 1 h, the internalized virus lost almost all its infectivity. This indicated that until about 10 min postinternalization, the majority of internalized viruses were still fusion competent and present in fusion-supportive compartments. Subsequently, most of the viruses moved into endocytic compartments, where acid-activated fusion and penetration into the cytosol were no longer possible. Eventually, these viral particles most likely ended up in lysosomes where VSVG was degraded, starting 30 to 60 min postinfection.
Le Blanc et al. have proposed that the acid-activated fusion of VSV and its penetration into the cytosol occur in two steps (35) ; the viral envelope first fuses with an internal vesicle within multivesicular endosomes at a pH above 5.5. Once the multivesicular endosome has matured into a late endosome, the viral nucleocapsid is released into the cytosol by backfusion of the internal vesicle with the limiting membrane through the action of cellular fusion machinery. Our results indicated that the acid-induced step occurred as early as 2 to 3 min after internalization in early endosomes. Fusion with internal vesicles is unlikely, as the vesicles arise in later stages of endocytosis. That fusion occurred early was consistent with the pH dependence of G-protein activation, which occurs already at pH 6.2 (5, 94) . Fusion in early endosomes is also in line with the Rab5 dependence and Rab7 independence of VSV infection (80), which we have confirmed (data not shown).
By monitoring the interaction of the virus with the endocytic machinery by TIRFM, we observed two different mechanisms used by the virus to interact with clathrin coats. The first was illustrated by virus particles that came into the TIRF field from the surrounding medium, bound to the plasma membrane, and moved laterally until being confined within a preexisting clathrincoated membrane domain. In other cases, a clathrin coat emerged underneath immobile virus particles. Both mechanisms have been observed for other cargo as well (15, 71, 75, 79) . For some ligands, the targeting is restricted to one of the two mechanisms, while in other cases, both can be observed. Ehrlich et al. reported that small cargo with high surface mobility, such as Tfn and LDL, were mainly sorted to preformed pits on the plasma membrane (15) . Similar results were shown for activated G-protein-coupled receptors (75, 79) , where agonist activation resulted in the accumulation of arrestin-3 in preformed pits.
Cargo-induced formation of clathrin-coated pits has been reported only for larger cargo, such as viruses. Ehrlich et al. reported that after a lag phase of 280 to 1,500 seconds, clathrin appeared underneath surface-bound reovirus particles (15) . The authors postulated that clathrin recruitment was not cargo induced but caused by coat stabilization by the virus after random clathrin assembly. This was based on calculations showing that the likelihood of a CCP formation underneath the virus was the same as in a random spot on the plasma membrane. In another study, influenza virus was shown to be able to exploit both mechanisms, although de novo formation was by far the more frequently seen event (71) . The authors proposed that clathrin recruitment was induced by virus because pit formation at the sites of virus confinement was more frequent than in surrounding areas on the plasma membrane. The results of our study indicate that VSV can use both preexisting coated pits and induce or stabilize new ones. Whether clathrin recruitment to VSV is a result of virus-induced signaling or a consequence of a stabilized randomly formed pit remains to be determined.
At any time, approximately 40% of viral particles that were associated with the plasma membrane did not colocalize with clathrin. Only 20% failed to associate with dynamin-2, which was consistent with the efficient reduction of VSV infection in the presence of dynasore. On the other hand, over 60% of the viruses failed to colocalize with AP-2 during our recordings. In addition, the percentage of recruitment events was much higher for clathrin than for AP-2 (46% versus 12%, respectively), and the recruitment time to a viral particle was longer for AP-2 than for clathrin (136 s Ϯ 66 s versus 112 s Ϯ 45 s, respectively).
The time required for the formation of a clathrin-coated vesicle with an outer diameter of 90 to 100 nm is about 32 s (15). The formation of larger coated structures takes proportionally longer time. Clathrin recruitment has been shown to range from 25 to 50 s for small (5-nm) cargo, such as Tfn, and up to 400 s for larger cargo, such as reovirus (15) . Since VSV is relatively large (ϳ80 by180 nm), the prolonged time needed for vesicle formation around a virus particle was therefore expected. Ehrlich et al. reported that AP-2 was recruited even faster to cargo than clathrin was (15) . That we did not see this may be explained by the observation that AP-2 was not required for VSV infection.
The adaptor protein complex AP-2 has been considered one of the core components of the clathrin-based endocytic machinery (reviewed in references 10, 69, and 90). It was therefore unexpected that cells depleted of AP-2 supported VSV infection as well as control cells did. However, considering recent results from studies describing clathrin-based but AP-2-independent entry pathways, it seems plausible that VSV exploits such a mechanism for host cell entry. In the last several years, an increasing number of so-called alternative adaptors has been identified that, like the canonical adaptor AP-2, can simultaneously bind to plasma membrane phospholipids, clathrin, and cargo receptors and based on that been classified as alternative adaptors (reviewed in references 52, 60, 61, 69, 85, 89, and 90). Some of them interact with cargo together with VOL. 83, 2009 HOST CELL ENTRY OF VESICULAR STOMATITIS VIRUS 451 AP-2 (19, 21, 34) , while others seem to be able to support endocytosis in the absence of AP-2 (51). Classical clathrindependent cargo, such as Tfn, LDL, and EGF, have been shown to differ in their AP-2 requirements for the classical adaptor protein complex (9, 26, 53) . While Tfn internalization strictly depends on AP-2, LDL and EGF endocytosis both occur in the absence of the canonical adaptor. However, continued uptake of EGF could be based on a shift to its clathrinindependent pathway (59, 83) . Therefore, any potential impact of AP-2 depletion on EGF could have been compensated, whereas LDL internalization is strictly dependent on CME and maintained by the alternative adaptor Dab2 in the absence of AP-2 (44). Dynamin-2 recruitment to the virus was faster than recruitment of clathrin, and in the absence of virus, the recruitment time was even shorter (25 s). This confirmed previous reports for dynamin (15, 48) . The relatively long recruitment time of VSV-associated dynamin-2 (55 s) may reflect the size of the vesicle that needs to be formed around the virus, as in the case of clathrin. This is in agreement with Rappoport and Simon, who suggested a linear relation between the amount of clathrin and its associated dynamin in CCPs (67) . The longer residence time of dynamin could also be explained by the virus being immobilized and thus not endocytosable.
In summary, our results suggested that VSV particles were rapidly internalized and underwent acid-activated fusion soon after entry in early endosomes. Although some virus particles entered via preformed clathrin-coated pits, others triggered their internalization by inducing the formation of a clathrincoated pit. It is apparent that VSV belongs to the viruses that can induce the formation of a clathrin coat, and that in doing so, it is not merely a passive passenger but exploits a specific combination of the clathrin-associated proteins and functions.
